ABSTRACT The squared envelope spectrum (SES) is one of the most effective methods in rolling element bearing fault diagnosis. Being a technique based on demodulation, the success of SES depends highly on the extraction of information caused by the bearings fault. Therefore, a preprocessing step of choosing an optimal frequency band (OFB), before the implementation of the SES, is absolutely needed and should always be taken prior. Fast kurtogram (FK), as the most commonly used method targeting resonance frequency band which is excited by the bearing fault, is applied as the benchmark tool for the selection of the OFB. However, recent theoretical works show that the kurtosis used as the criterion for OFB selection was both sensitive to the impulsiveness and cyclostationarity, which means irrelevant impulsive and cyclostationary components are able to mislead the kurtosis based OFB selection techniques and subsequently bring great difficulties in bearing fault diagnosis. To tackle this problem, in this paper, a novel statistical model parameter-based method, called Distcsgram, is proposed as a substitution to the traditional FK technique so that an OFB can be selected with the least influences from the irrelevant cyclostationary and impulsive interferences. Together with the SES, the Distcsgram is explained and validated in both simulation and experimental studies. Furthermore, through the comparisons with the traditional methods, the superiority of the proposed method over those traditional methods for the diagnosis of rolling element bearing is proved.
I. INTRODUCTION
Bearings play a vital role for rotating machines such as wind turbines, helicopters and transmission system in heavy industry. In practice, bearings are subjected with failures due to its tough operational conditions, and their failures may lead to the breakdown of the machineries or other unexpected consequences and thus economic losses [1] - [3] . Therefore, it is important to monitor the operational status of bearings. For this reason, considerable attentions and lots of researches have continued to be directed towards bearing fault detection and diagnosis, and it has become a critical and essential way to ensure the health integrity of rotating machines.
For rolling element bearings, once a local failure occurs, a series of impacts between the local fault and healthy part
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of the bearing will be generated and structural resonance is then aroused [4] . Although minute slips between rollers and race exist [5] , the impacts repeat themselves almost periodically depending on the geometry of the bearing. In general, the resonance frequency being excited is much higher than the impact frequency (i.e. fault characteristic frequency) and can be considered as amplitude modulated by the fault characteristic frequency [6] . Based on this theory, envelope analysis, therefore, is often utilized to extract the faulty feature and the bearing fault. Nevertheless, the selection of the optimal frequency band (OFB) before applying the envelope analysis, which helps to extract the bearing fault information being submerged by the interferences, is always a challenging issue [7] .
To this end, Spectral Kurtosis (SK) can be used, to a large extent, for addressing the OFB selection issue mentioned above. The SK was first defined by Dwyer [8] , [9] through calculating the standardized fourth-order cumulant of the real part of the short-time Fourier transform (STFT) at each frequency line, meanwhile a similar definition of the imaginary part of the STFT is also suggested to be calculated, since the imaginary part also contains useful information. By doing so, it enables the ability of this method in describing the impulsive properties of the analyzed signal at each specific frequency. Since then the SK has been extensively and intensively studied and the first formal definition of SK with systematic and theoretical explanation was established by Antoni [10] . Following that, a further exploration of applying SK in rotating machinery fault diagnosis is presented in study [11] , and considering the aspect of the OFB selection for demodulation, a tool called kurtogram, where the kurtosis values of the analyzed signal are calculated at different center frequencies under different frequency resolutions, is first implemented. However, in theory, there are infinite pairs of center frequencies and frequency resolutions which can be used for kurtogram analysis, therefore, it is time consuming and not practical. For this reason, fast kurtogram (FK) is then proposed by Antoni [12] . Through applying a series of filters with the structure of 1/3-binary tree, the values of SK are only calculated in finite combinations of center frequencies and frequency resolutions, which makes the FK to be a more feasible method than the kurtogram and also a benchmark tool for OFB selection.
Afterwards, a series of OFB selection algorithms derived from FK were proposed to improve the FK in various aspects. For example, the filter based on Wavelet packet transform (WPT) was applied as a substitution of the STFT or finite impulse response (FIR) filters for the purpose of enhancing the decomposition effect [13] . Multiscale clustering was employed to optimize the provided bandwidth by decomposing frequency spectrum into different bandwidths with different initial resolutions [14] . These improved FK approaches, aiming at developing more accurate band-pass filters or better band splitting algorithms, however, may still work ineffectively when the analyzed signals contain cyclostationary interferences which are irrelevant to the bearing fault. This is due to that the kurtosis is both sensitive to non-Gaussianity (usually in the form of impulsiveness) and non-stationarity (usually in the form of cyclostationarity). In study [15] , the relationship between the kurtosis and SES is explored and it demonstrates that, in a given frequency band, the kurtosis actually equals to the sum of all peaks divided by zero-frequency peak of the SES. Therefore, if the bearing fault is the only source with cyclostationarity nature, the FK will produce a fairly suitable demodulation band, while if the irrelevant cyclostationarity components (such as the shaft frequency) are dominant in the SES, the kurtosisbased OFB selection techniques is prone to fail. Moreover, it is also found that random impulsive interference has negative influence on the selection of OFB in FK method [16] . These two interferences bring great difficulties in the OFB selection, with which the bearing fault can sometimes be misdiagnosed. To overcome the influence from non-Gaussian noises such as large impulses, Barszcz and JabŁońsk [17] proposed the Protrugram. Unlike FK, the Protrugram calculates the kurtosis of the envelope spectrum amplitudes rather than the envelope signal in time domain. Besides, it substitutes the variable-width bands of the FK for fixed-width narrow band, which is based on the geometry parameters of the bearing. Further, to capture the signatures in both time domain and frequency domain for improving bearing diagnostics capability, the infogram was proposed by Antoni [18] . Inspired by ideas of thermodynamics, the negentropy is applied as a substitution of the kurtosis to measure the impulsiveness. The negentropy of the time domain squared envelope is calculated to form the SE infogram for purpose of measuring impulsiveness like the kurtogram. Similarly, the negentropy of the SES is computed to establish the SES infogram aiming at measuring cyclostationarity like the Protrugram. By combining the two grams, the infogram is able to indicate a band where impulsiveness and cyclostationarity are both strong. Some other works [19] , [20] also devote to improve the performance of FK, these methods, to some extent, are able to mitigate the limitations of FK, yet they are still easily affected by the cyclostationary sources which are irrelevant to the bearing fault, since the lack of consideration of the actual cyclic periods corresponding to localised bearing faults. Thus the detection of bearing fault under the irrelevant cyclostationary sources still remains huge challenge to explore.
In this paper, a novel method called Distcsgram is proposed to overcome the limitations of the FK, in which a statistic indicator-I GGCS/GGS [21] is first explored and attempted to be severed as an OFB selection tool for the purpose of bearing diagnosis. Based on two nested models-generalised Gaussian stationary (GGS) model and generalised Gaussian cyclostationary (GGCS) model with known bearing fault period, the I GGCS/GGS is able to detect the presence of cyclostationarity with known bearing fault cyclic period. Meanwhile, it is invulnerable to the influences from the non-Gaussian interferences. The introduction of the I GGCS/GGS in the proposed method, therefore, first enables the feasibility of OFB selection under both cyclostationary and impulsive interferences. In contrast, the existing techniques do not have abilities to achieve that.
The paper is organized as follows: in Section II, a brief review of the kurtosis, SK and FK is presented, and then the strong relationship between the kurtosis and SES is introduced and explained, so that the influence of the cyclostationary components to FK can be interpreted clearly. Section III reports two nested models, including the GGCS model and GGS model, to calculate the-I GGCS/GGS . In addition, a novel statistical based method-the Distcsgram, is proposed to select the OFB. Section IV focuses on the studies of simulation signal by comparing the proposed scheme with the traditional FK and its improved version-the Protrugram. In Section V, the experimental and industrial data are utilized to validate the effectiveness and advantages of the Distcsgram in rolling element bearing fault diagnosis. Conclusion and recommendations for further studies are discussed in Section IV.
II. THEORETICAL BACKGROUND A. KURTOSIS AND KURTOSIS BASED METHOD
Kurtosis is one of the most widely used condition monitoring indicators to measure the deviation of the probability density function (PDF) of the raw signal away from Gaussian distribution, it is commonly defined as [22] ,
where k 4 is kurtosis, N is the length of the data, x(i) is the data to be analyzed and µ is the mean of the data. When k 4 equals to 3, the probability distribution of x(i) is the normal distribution. A higher value of k 4 usually refers to more impulsive components embedded in the data. Therefore, impulsiveness can be detected through the calculation of kurtosis. Kurtosis, however, as a global statistical indicator calculated from the whole data set, is unable to reflect the changes of the data in specific frequency ranges. To tackle FIGURE 4. Numerically generated bearing fault signal(left) and the square envelope spectrum of the original signal (right; red dash-dotted lines represent bearing fault frequency and its harmonics). this limitation, SK was then introduced and is often applied for bearing fault diagnosis. The SK is an extended version of kurtosis and expresses the kurtosis values as a function of different frequencies. SK can be calculated from the STFT of x(t) and it can be represented as [10] :
where k x (f ) is the SK value at frequency f , H is the number of the time segments and X (t, f ) means the STFT of x(t). It should be noticed that when STFT is performed for a signal of x(t), a window length N w will be selected to establish time and frequency domain representation and the choice of N w will, in any case, have a direct influence to the resultant X (t, f ). Different choice of N w will lead to different SK results, therefore, SK is, in fact, a function of f and N w . To represent this result, a three-dimensional graph, namely kurtogram, is usually plotted to express the SK values in terms of all possible choices of f and N w . According to the maximum SK values on the graph, the corresponding parameters of f and N w can be used to select the OFB for demodulation. The demodulation bandwidth can be determined through the following equation
where f is the bandwidth for demodulation and F s is the sampling frequency. However, computing the SK at all N w is time consuming, which limits the application of kurtogram in on-line monitoring. The FK, based on a series of digital filters rather than STFT, is then proposed as a substitution to solve the aforementioned problem. A plane with specific combinations of the center frequency and frequency resolution (see in Figure 1 ), by designing these band-pass digital filters using the structure of a 1/3-binary tree, is formed, which then allows the FK expressing the kurtosis values of the filtered signals with selected bandwidths. The kurtosis calculated in FK can be written as
where
is the kurtosis value at the combination of center frequency f i and bandwidth f i , C i is the filtered signal at the same combination, · is an expectation operator. The FK, in the end, is displayed as a color map with horizontal axis representing frequencies, vertical axis representing frequency resolutions and a color scale representing the kurtosis values at each combination of center frequency and frequency resolution.
B. THE INFLUENCE OF CYCLOSTATIONARITY TO THE KURTOSIS BASED METHOD
The ability to detect the most impulsive frequency band and high computational efficiency of the FK algorithm make this technique to be the most widely used OFB selection tool in practical applications. However, it is unavoidable that the FK is also sensitive to non-stationarity, which often expresses itself in the form of cyclostationarity in the occasion of bearing failure. To explore the limitation of FK on this regard, the relationship between kurtosis and SES will be reviewed in the following section and then the influence of cyclostationary components to FK will be discussed in details. The SES, defined as the Fourier transform of the squared envelope of the signal, is often used to give detailed fault information in bearing fault diagnostics [23] , [24] . Less known, however, is the fact that the SES is a kind of cyclostationary indicator [25] . Usually the kurtosis and the SES are treated as two different families of indicators, one aims at expressing the impulsiveness of the signal, the other targets at conveying the cyclostationarity. However, these two indicators are found to be sensitive to each other in a recent work [15] , the relationship between the kurtosis of band-pass analytic signal, whose definition exactly matches the kurtosis VOLUME 7, 2019 FIGURE 5. The suggested OFBs when num = 0 (left) and the squared envelope spectra based on the suggested bands (right; red dash-dotted lines represent bearing fault frequency and its harmonics).
calculated in FK, and SES is derived as
where l and u are the lower bound and upper bound frequency of the band-pass filter, respectively. This equation gives an analytical expression that in a selected band, the kurtosis value is equivalent to the sum of peaks of the SES normalized by the zero-frequency peak of the SES, which means that any increase in cyclostationary components will raise the kurtosis value. Thus FK is both sensitive to non-Gaussianity and non-stationarity without the ability of differentiating them. If the fault induced bearing vibrations are the only source with cyclostationary nature, the FK can give a fairly suitable demodulation combination with center frequency and bandwidth. While if other cyclostationary sources which are irrelevant to the bearing faults dominate in the SES, the results of FK can be misleading. Unfortunately, the location variation from the impact position to the sensor, the variations of bearing load distributions and the gravity of the system are always inevitable [26] - [28] , meanwhile, the influences from other rotating parts such as shafts and gears are common in practice. Therefore, other cyclostationary components always appear in the SES. These irrelevant cyclostationary vibrations, especially in the early stage of bearing fault, are very much possible dominant over the bearing vibrations and make the kurtosis-based method incapable to reveal the resonance frequency band induced by bearing fault. As a result, the envelope analysis may fail for the diagnosis of bearing fault.
In short, the FK and its derived methods have the issue of being sensitive to both impulsiveness and cyclostationarity, thus they can be easily misled by irrelevant cyclostationary components and/or impulsive noises. Therefore, an OFB selection tool that can solely reflect the cyclostationarity of bearing fault period and be robust under the impulsive noise is indeed needed.
III. THE PROPOSED DISTCSGRAM
In a recent work of Antoni and Borghesani [21] , an optimal indicator of cyclostationarity I GGCS/GGS based on two nested competing models (GGCS model and GGS model), is produced to capture cyclostationarity with known cyclic period and at the same time is insensitive to the non-Gaussian interferences. Inspired by their work, a novel OFB selection method is proposed with firstly incorporating I GGCS/GGS . Rather than simply calculating the I GGCS/GGS as a global statistical indicator, a novel method computing this indicator as a function of frequency and frequency resolution, which allows not only representing the cyclostationarity with bearing fault period solely but also reflecting the location of the strongest cyclostationarity in the frequency ranges, is first proposed. The details are present and introduced in the following.
A. THE GGCS MODEL
The vibration induced by the bearing fault is a series of repetitive transients, that is, the signature of the bearing fault signal is both impulsive and cyclostationary. Thus the GGCS model, a model that is able to describe simultaneously non-stationary and non-Gaussian signal, is the appreciated one for fitting bearing fault signal.
Two factors should be considered in the GGCS model. The first is the cyclostaionarity, which is a special version of nonstationarity with its statistical properties varying cyclically VOLUME 7, 2019 FIGURE 7. The suggested OFBs when num = 10 (left) and the squared envelope spectra based on the suggested bands (right; red dash-dotted lines represent bearing fault frequency and its harmonics).
along time. More specifically, the cyclostaionary signal has a 'cyclic period', the distribution varies with time in the whole data, however, the corresponding points in each cycle is found to possess the same distribution. This can be express as
where the N is the number of samples in per cyclic period, D (n) represents a set of different distributions. The second is the non-Gaussianity. Generalized Gaussian (GG) distribution [29] has been proved to be appropriate for modelling high impulsive signal, thus it is incorporated in the GGCS model. In this subsection, the GGCS model will be used to fit the bearing fault signal. The signal length is assumed to be l and there are N samples in each cycle. Then the distribution of the signal is modelled as a kind of GG distribution with a constant shape parameter β and a N -sample-period scale parameter η(n). This can be interpreted that the corresponding samples in each cycle are characterized as the same GG distribution, the probability density function (PDF) of this model can be represented as
where n = 0, 1, · · · , N −1; k = 0, 1, · · · , K −1 and l = KN , To achieve a better understanding of the GGCS model, two sets of numerically generated signals which are assumed with different shape parameters under stationary (i.e. GGS assumption) and cyclostationary (i.e. GGCS assumption) conditions are plotted in Figure 2 . The distribution of the two sets of signals can be expressed as Stationary
Cyclostationary
where GN stands for the GG PDF, the length of the whole data is set to be 6000, the cyclic period N is set to be 1000, n = 0, 1, . . . , 999; β = 2, 1, 0.5; η = 1 and
Maximum likelihood estimation is used to calculate the unknown parameters (i.e. β and η(n)). The log-likelihood function of the GGCS model is given as
Differentiate Eq. (10) with respect to β and η (n), respectively, the maximum likelihood estimation parameters (i.e.β andη(n) ) can be acquired through calculating the zero points of the two equations.
B. THE I GGCS/GGS
The I GGCS/GGS is the log likelihood ratio of two (nested) competing models-the GGCS model and GGS model. As being demonstrated in [19] (1) Reflecting the cyclostationarity of specific period (bearing fault period).
(2) Since both hypotheses are based on the GG hypothesis, there is no extra information of the impulsiveness. In other words, it would not be disturbed by impulsive noise.
The GGS model can be regard as a particular instance of the GGCS model with the samples in the cycle equalling to the whole data length. The PDF, the log-likelihood function of GGS model and I GGCS/GGS can be expressed as
Through the above equations, I GGCS/GGS can be acquired.
C. THE DISTCSGRAM
In the following, an I GGCS/GGS based scheme to select the OFB for demodulation is proposed. The logic of the scheme is depicted in Figure 3 , explanation of the scheme is written in the below.
Step 1: the signal to be analysed is decomposed into specific combinations of center frequency and bandwidth using a series of band-pass filters. Applying the similar 1/3-binary tree structure to design these band-pass filters, the same VOLUME 7, 2019 FIGURE 9. The suggested OFBs with several non-periodic random impulses (left) and the squared envelope spectra based on the suggested bands (right; red dash-dotted lines represent bearing fault frequency and its harmonics).
combinations of frequency/ frequency resolution plane (see in Figure 1 ) can be obtained. One thing should bear in mind that, theoretically, the models are assumed to be whiteness, while the filters of the Distcsgram are actually forcing these components to be non-white. Considering that, the obtained sub-signals are frequency shifted and down-sampled after filtering. More specifically, all the amplitudes expect for the band-pass portion is set to zero in the spectrum and then the lower bound of the band-pass portion is shifted to zero, at last the band-pass component is padded with zero to double its length. More details are available in [30] .
Step 2: each decomposed signal is characterized as a GGCS model and maximum likelihood estimation is applied to estimate the unknown parameters. For common bearing faults, such as inner race fault, outer race fault and ball fault, the samples N in per cyclic period can be roughly calculated through sampling frequency dividing by fault characteristic frequency. However, it should be noticed that there is a minute difference between the actual cyclic period and theoretical one in bearing fault occasion, the maximum likelihood estimation can also be applied to solve this problem by setting the N as the third unknown parameter. The N is suggested to set as a few numbers around the theoretical cyclic period, and the N corresponding to the maximum log-likelihood function is the cyclic period to be used. For a better understanding, an example is given for illustration.
Assuming the sampling frequency is 10000 Hz and the bearing fault characteristic frequency is 100 Hz through calculating. Theoretically the samples in each cyclic period is 100. Considering the minute difference between the theoretical and actual of the fault characteristic frequency, the N may be ranged from 95 to 105. Applying maximum likelihood estimation method using N from 95 to 105 respectively, and if 99 corresponds to the maximum log-maximum function in this case, then 99 will be selected and used as the cyclic period for the following analysis.
Similarly, each decomposed signal is characterized as a GGS model and unknown parameters are acquired through the maximum likelihood estimation.
Step 3: I GGCS/GGS is calculated in each decomposed signal using the parameters acquired in two nested GGCS and GGS models.
Step 4: A virtual tool based on I GGCS/GGS is generated. It's a colored dyadic grid in frequency/frequency resolution VOLUME 7, 2019 FIGURE 12. The suggested OFBs of outer race fault bearing with irrelevant cyclostationary interferences (left) and the squared envelope spectra based on the suggested bands (right; red dash-dotted lines represent bearing fault order and its harmonics).
plane, but unlike FK, the I GGCS/GGS is applied as a substitution of kurtosis. Through choosing the center frequency and bandwidth corresponding to maximum I GGCS/GGS of all the sub-signals, the OFB for demodulation can be selected through the Distcsgram.
IV. SIMULATION VALIDATION
This section aims at demonstrating and validating the performance of the Distcsgram through simulation studies. Occasions under strong irrelevant cyclostationary components and impulsive noise, which often render the FK ineffective, are included in this section. The traditional FK, and its improved version-Protrugram with fixed-bandwidth at 3.5 times of the bearing fault frequency will be used for comparisons.
A. THE SIMULATION OF BEARING FAULT SIGNAL
Local faults in inner race, outer race and ball are the common failure modes of bearings. A bearing localized fault model, therefore, is chosen for simulation studies. Considering the repeated impacts induced by a local damage, the cyclic variation of distance from the impact position to the sensor, the slippage of rolling elements and background noise, the simulated bearing fault model can be expressed as [25] 
where i represents the i-h impact, A i is the amplitude of the i-th impact, T is the theoretical time between two adjacent impacts, τ i is the minor fluctuation of the i-th impact, n(t) is white Gaussian noise and s(t) is an oscillating attenuation at the nature frequency produced by the impact. For simplification, only one natural frequency is considered and s(t) can be written as
where ζ is the damping ratio, f n is the natural frequency, X 0 and ϕ 0 are initial displacement and phase, respectively. Besides, A i is assumed to be a delta-correlated point process with a period Q longer than, and in this section it is set to be A i = 0.1 × cos (2π × f r ) + 1, where f r is rotating frequency. The basic parameters used in this numerically generated bearing fault signal are listed in Table 1 . The numerically generated signal and its SES of the whole frequency are shown in Figure 4 .
B. SIMULATION WITH INTERFERENCE FROM IRRELEVANT CYCLOSTATIONARY COMPONENTS
This section aims to explore the performance of the proposed Distcsgram with interferences from irrelevant cyclostationary components. The simulated signal with irrelevant VOLUME 7, 2019 FIGURE 15. The suggested OFBs with several non-periodic impulses in industrial vibration signal (left) and the squared envelope spectra based on the suggested bands (right; red dash-dotted lines represent bearing fault frequency and its harmonics).
cyclostationary interference is set to be
where x c (t) is the irrelevant cyclostationary interference, it is defined to be the same as x b (t) but with A i = 1, n(t) = 0, T = 30Hz and f n = 14000Hz. In addition, 40960 Hz is assumed to be sampling frequency and will be utilized in all the simulation studies. num is a scale parameter, by tuning num, different levels of irrelevant cyclostationary interferences can be simulated.
To begin with, num is set to be 0, the FK gives an OFB of center frequency at 7680 Hz and bandwidth at 5120 Hz (it can be written as (7680 Hz, 5120 Hz) and will be used in the following studies). For Protrugram and Distcsgram, they suggest OFBs at (7989 Hz, 385 Hz) and (7680 Hz, 1707 Hz), respectively. The results of FK, Protrugram and Distcsgram at num = 0 are plotted in Figure 5 . From Figure 5 , it tells that all FK, Protrugram and Distcsgram can locate demodulation bands appropriately and are effective for detecting the bearing fault with SES.
Increasing num from 1 to 100 with all the other parameters remaining the same. This is to simulate the scenario of increased irrelevant cyclostationary interferences in the measured vibrations but the fault-related components stay unchanged.
With the increase of num, the irrelevant cyclostationary components will prevail in the signal gradually. To illustrate the influence of increasing cyclostationary components to FK, Protrugram and Distcsgram methods, Figure 6 is provided for analysis. Figure 6 (a) shows that when num is between 2 to 9, the OFBs suggested by the FK technique are (15360 Hz, 10240 Hz), where the natural frequency of the bearing are not included. When it comes to be bigger than 9, the FK technique provides fairly wide demodulation bands, though the bearing natural frequency is included in these bands, the wide demodulation bands contain more noise and will bring negative effect for the diagnosis of the bearing. As for Protrugram, when num is less than 5, the Protrugram locates demodulation bands at around 8000 Hz, which is well in line with the pre-set natural frequency of the bearing. Once num is bigger than 5, the suggested center frequencies of Protrugram method are away from 8000 Hz to about 14000 Hz which is close to the pre-set natural frequency of the cyclostationary interferences. On the contrary, Distcsgram is able to locate the natural frequency of bearing at around 8000 Hz with comparatively narrow bandwidths in all the tests. For illustration, the result when num = 10 is shown in Figure 7 , specifically by comparing the squared envelope spectra from FK, Protrugram and Distcsgram methods, it shows that with the increase of cyclostationary interferences, the FK-based SES and Protrugram-based SES are incapable to indicate the peaks in fault characteristic frequencies of bearing, but the Distcsgram-based SES is still with the capability to reveal the peaks in characteristic frequency.
In short, with the increase of the irrelevant cyclostationary interferences, the fault characteristic vibrations can be submerged, the FK and Protrugram become ineffective in indicating the OFBs for demodulation gradually. Nevertheless, the proposed Distcsgram, with introduction of I GGCS/GGS , is able to reflect the cyclostationarity with known bearing fault cyclic period, thus is able to provide a more reliable diagnostic result.
C. SIMULATION WITH RANDOM IMPULSIVE INTERFERENCE
This section simulates the performance of Distcsgram under the interference of several non-periodic random impulses. The simulated signal with several non-periodic random impulses is set to be
where x i (t) is random impulses, they are modelled as impulse responses of single degree of freedom system with damping ratio at 0.08 and natural frequency at 14000 Hz. The initial amplitudes of these impulses are set to obey the uniform distribution from 1 to 5 and 15 unequally spaced impulses are added in the numerically generated signal (see in Figure 8 ).
The suggested OFBs for demodulation after the introduction of these non-periodic random impulses are displayed in Figure 9 . The FK suggests a demodulation OFB at (14080 Hz, 2560 Hz) which is far away the nature frequency of the bearing. On the contrary, both the Protrugram and Distcsgram locate similar center frequencies at around 8000 Hz which are well in line with the pre-set bearing natural frequency. Together with SES, the discrete lines at fault characteristic frequencies are visible in the Protrugrambased SES and Distcsgram-based SES, while the FK-based SES do not show any clear discrete peaks in that area. It indicates that the Protrugram and Distcsgram are, indeed, different but both can be used for fault diagnosis of bearing under this circumstance. In a word, the FK is more prone to subject to the influence of the random impulsive interference, while the Protrugram and Distcsgram perform robust and therefore are better choices to select the OFBs for demodulation under the interference of random impulses.
V. EXPERIMENTAL RESULTS AND DISCUSSION
The performance of the Distcsgram will be validated through real measured vibration signals in this section. Two cases, one with strong irrelevant cyclostationary interferences and other one with several non-periodic impulses, are applied to prove the effectiveness and superiority of the Distcsgram in bearing fault diagnosis.
A. CASE 1: EXPERIMENT VIBRATION SIGNAL WITH STRONG IRRELEVANT CYCLOSTATIONARY INTERFERENCES
This section demonstrates a case where FK and Protrugram (fixed-bandwidth at 3.5 times of the bearing fault frequency) both fail to give appropriate OFBs for demodulation. The test-rig used in this study is the Machinery Fault Simulator 
Magnum (MFS) at University of Electronic Science and
Technology of China (UESTC), Chengdu, China. The layout of the test-rig is shown in Figure 10 , two MB ER-16K bearings are mounted on the same shaft, one healthy bearing is placed on the left and one outer race fault bearing is installed on the right. The bearing specification is listed in Table 2 . Two accelerometers are installed horizontally and vertically on the bearing house of the fault bearing. A disc of 5 kilogram is placed near the left end of the shaft so that strong interference from the shaft can be acquired. A set of outer race fault data with sampling rate at 51200 Hz and speed at 10 Hz is provided for analysing, since strong shaft frequency and its harmonic are found in the SES over the whole frequency range (see in Figure 11 ).
The data is firstly processed by order tracking to remove the speed fluctuation. FK, Protrugram and Distcsgram are then utilized to select the OFBs for demodulation. After that the squared envelope spectra are employed using the demodulation bands selected by the aforementioned tools respectively to give detailed diagnostic results. For illustration, the suggested demodulation bands, squared envelope spectra are plotted in Figure 12 . Form Figure 12 , it can be found that the demodulation bands selected by FK and Protrugram are (11733 Hz, 2133 Hz) and (4115 Hz, 124 Hz) respectively. No obvious peak of outer race fault order at 3.572 is found in the SES when using the demodulation band suggested by FK. Very small outer race fault order peak can be found in the Protrugram-based SES. Especially, the SES using the demodulation band provided by Protrugram appears large shaft harmonics, it does prove, to some extent, that the shaft components are very strong and they make the FK and Protrugram become ineffective. On the contrary, the Distcsgram suggests a demodulation band at (13600 Hz, 1600 Hz) and it seems that the Distcsgram suggests an OFB for demodulation, since very strong peaks of outer race fault order and its harmonics can be observed in the Distcsgrambased SES.
For further validating the superiority of Distcsgram under the interference of irrelevant cyclostationary components, experiments using inner race fault and ball fault bearings are also conducted, similar results are shown in the Appendix.
In these cases, strong irrelevant cyclostationary components misled the FK and Protrugram, and make them become invalid to find the OFBs for demodulation, thus the bearing fault cannot be diagnosed correctly. While the Distcsgram, is less affected by this interference and can still indicate the optimal demodulation band.
B. CASE 2: INDUSTRIAL VIBRATION SIGNAL WITH SEVERAL STRONG NON-PERIODIC IMPULSES
This section demonstrates a case where strong non-periodic impulses appear in the vibration signal and lead to ineffectiveness of the FK. The vibration signal used in this study is a set of data collected from a wind turbine located in Lu Nan Wind Farm, China (see in Figure 13 ). Several non-periodic impulses are found in a set of vibration signal, considering that, this set of data with sampling rate at 20480 Hz and speed at 1087 RPM is employed to verify the effectiveness of Distcsgram under the interference of non-periodic impulses.
The structure of the wind turbine transmission system and the layout of sensors are shown in Figure 14 . Eight accelerometers are installed on different locations of this transmission line. Inner race fault bearing is found near the input shaft of the generator, thus the vibration signals collected from the sensor 4, which is nearest to the bearing fault location, is chosen in this case. Table 3 shows the specification of the fault bearing.
Firstly, this set of data is processed by FK, Protrugram and Distcsgram, after that the squared envelope spectra are plotted using the demodulation bands selected by the aforementioned tools, respectively. For illustration, the suggested demodulation bands, squared envelope spectra are shown in Figure 15 . Form this figure, it can be found that FK suggests demodulation bands at (640 Hz, 1280 Hz). Unfortunately, the peak of inner race fault frequency at 320.8 Hz does not appear in the SES using this demodulation band. Though a little different, both the Protrugram and Distcsgram seem locating appropriate OFBs for demodulation, since very strong inner race fault frequency peaks and their harmonics appear in the Protrugram-based SES and Distcsgram-based SES.
In this case, strong non-periodic impulses have negative effects on the FK. While the Distcsgram, owning the ability to reflect the non-stationarity without the influence of nonGaussianity, can still indicate the OFB for demodulation and give a correct diagnostic result of the bearing. Besides the Protrugram is also demonstrated to be an alternative technique for OFB selection under this condition.
VI. CONCLUSION
In summary, to overcome the limitations of using FK and its improved methods for the diagnosis of bearing fault, a novel statistical model-based tool is proposed to select an OFB for demodulation. The main contribution of this paper can be concluded as:
(1) The utilization of FK for selection of the OFB is a classical and effective step for the diagnosis of rolling element bearings. However, the selecting the OFB under irrelevant impulsive and/or cyclostationary interferences is still an existing problem for almost all the FK derived techniques and needs to be solved urgently. Some of the improved FK methods, on the one hand, can be effective under the influence of non-Gaussianity, on the other hand, almost all these band selection methods have not solved the issue that the OFB cannot be selected under interference the irrelevant cyclostationary sources. Therefore, a novel technique, named Distcsgram, based upon a series of statistical models, is proposed for OFB selection. The Distcsgram which makes use of the I GGCS/GGS , is able to locate a band where the cyclostationarity of the known bearing fault cyclic period is strongest, hence becomes an effective OFB selection technique which is less influenced by the irrelevant cyclostationary components.
(2) It has also been proven that the Distcsgram performs well when strong impulsive components are included in the analysed signal, owning to its ability to solely reflect non-stationarity without the influence of non-Gaussianity. All the simulation, experiment and industrial cases have presented very promising results based upon the proposed method under both the two conditions. Therefore, the proposed technology is a novel as well as potential method in industrial practice and research development.
In addition, the current proposed methodology is aiming at finding a proper demodulation band and reveal the local fault of the bearing. However, usually the locations of the faults cannot be identified in advance, therefore the inner, outer and ball faults are all possible damages. In real practice, this may lead to a series of trial and error process and result in computational burden. Therefore, a future area of work will involve an optimal use of the proposed method for bearing fault diagnosis.
APPENDIX
See Figures 16-19 .
